The feasibility of employing aqueous non-ionic surfactant solutions as an alternative solvent system in pressurized liquid extraction (PLE) is demonstrated for the first time using the roots of American ginseng as model solid samples. When compared to the use of pure water or methanol, the presence of a common non-ionic surfactant (Triton X-100) in water at a concentration above its critical micelle concentration was shown to enhance the amount of pharmacologically active ingredients (ginsenosides) extracted from ginseng roots. The advantages of using aqueous non-surfactant solutions were also demonstrated by comparing extraction performances between ultrasonic-assisted extraction and PLE methods. Furthermore, the combination of PLE and cloud point extraction was shown to be a new and effective approach for the rapid sample preconcentration of herbal materials prior to analysis by high-performance liquid chromatography. 
. Introduction
extraction), has shown good promise in overcoming some of the major drawbacks encountered in tradiThe use of conventional sample preparation methtional extraction methods, mainly by taking advanods, such as Soxhlet extraction and sonication, for tage of the ability of liquid solvents at elevated the extraction of analytes from solid materials suffers temperatures and pressures in enhancing or acceleratfrom a variety of disadvantages, including long ing extraction efficiency and / or kinetics [3] . extraction time, labor intensive procedures, large
Since the introduction of the first commercial PLE amount of organic solvents, unsatisfactory extraction instrument a few years ago, the application of this efficiency and / or poor reproducibility [1, 2] . During technique has been focused on the extraction of the past few years, the advent of a new extraction environmental pollutants present in soil matrix, method known as pressurized liquid extraction (PLE; sewage sludge, sediments and fly ash [4, 5] . HowDionex trade name ASE, for accelerated solvent ever, more recently, the distinct advantages of PLE, such as significantly reduced extraction time and low solvent volume requirement, are being exploited in diverse areas, including biology, pharmaceuticals and application area of PLE is in the extraction of 2 . Experimental chemical constituents from plants or herbal materials [6] [7] [8] [9] [10] [11] [12] [13] [14] . For instance, the use of water as solvent for 2 .1. Chemicals the PLE of Taxol from the bark of yew tree has been shown to be more effective than other extraction American ginseng samples were purchased from a methods [11] . Also, PLE has been recently applied local herbal shop in Hong Kong. The ginsenoside for the extraction of various chemical ingredients, standards (Rg , Re, Rb , Rc, and Rd) were obtained 1 1 such as berberine [12] , aristolochic acids [13] and from the National Institute for the Control of Pharginsenosides [14] , from medicinal plants.
maceutical and Biological Products (Beijing, China). In PLE the selection of suitable solvent systems is
The non-ionic surfactant, Triton X-100, was obtained a key factor in the optimization of the extraction from Sigma (St. Louis, MO, USA) and used as process [2, 3] . Depending on the extraction condireceived without further purification. Ammonium tions, such as the physiochemical properties of the sulfate (reagent grade) used for salt-induced cloud analytes, chemical composition of the sample matrix, point phase separation was obtained from Junsei particle size of the samples, and extraction tempera-(Tokyo, Japan). HPLC-grade acetonitrile and methature / pressure, the extraction solvent can dramatically nol were purchased from Acros (Gee, Belgium). All affect the extraction efficiency, kinetics as well as aqueous solutions were prepared with doubly deionselectivity. In this paper, the feasibility and advanized water (DDI) from a Milli-Q system (Millipore, tages of employing a new class of solvent system, Bedford, MA, USA). i.e. aqueous non-ionic surfactant solutions, for the rapid and effective PLE of analytes from solid 2 .
Preparation of ginseng samples materials-active ingredients (ginsenosides) from the roots of American ginseng (Panax quinquefolium)-
The roots of American ginseng were dried in a is demonstrated. It should be noted that although the vacuum oven (Model 1400E, VWR Scientific Produnique properties of surfactants have been exploited ucts, West Chester, PA, USA) set at 50 8C for 6 h, in various areas of analytical chemistry [15] [16] [17] [18] , the then ground and sieved to produce samples with use of aqueous surfactant solutions as alternative particle sizes in the range between 40 and 120 mesh solvent systems in PLE has not been reported in the (sieve opening: 425 to 125 mm). The dried ginseng literature.
powder was stored in a moisture-controlled cabinet. In the present work, the effectiveness of employing an aqueous solution containing a common non-2 .3. Pressurized liquid extraction ionic surfactant (Triton X-100) as the extracting medium in PLE was evaluated by comparing with PLE extractions were carried out using a Dionex conventional extraction solvents (water and metha-ASE 200 system (Sunnyvale, CA, USA). To begin nol) as a function of various experimental parameextraction, a 0.1-g ginseng sample was placed in a ters, such as temperature, pressure and concentration stainless steel cell (volume 11 ml) and extracted with of the surfactant, for the extraction of ginsenosides.
the particular solvent system (volume 20 ml). Various Also, extraction performances were compared beconcentrations (w / v) of aqueous non-ionic surfactant tween PLE and a conventional sample preparation solutions were prepared by weighing out an appromethod (ultrasonic-assisted extraction) for the expriate amount of Triton X-100 and dissolving in DDI traction of ginsenosides using aqueous non-ionic water. The automatic extraction sequence began with surfactant solutions, water and methanol-water mixthe loading of the cell into the oven. Subsequently, ture as the extraction solvent. Additionally, the the cell was heated at the preset extraction temperaadvantage of using the cloud-point property of Triton ture and solvent was continuously pumped through X-100 for the preconcentration of the ginsenosides the sample. When the cell was full of the extraction prior to high-performance liquid chromatography solvent, the cell was heated and pressurized for a (HPLC) analysis was demonstrated.
fixed time to ensure that the sample reached thermal equilibrium. Afterward, a static period occurred and temperature-induced phase separation, the surduring which the sample was extracted for 5 min at factant-rich phase containing the preconcentrated the preset extraction temperature and pressure. The ginsenosides was diluted slightly with a small total extraction time was ca. 10 min (heating1one amount of methanol-water (1:2) to reduce its visstatic period). After the static step, the extract was cosity prior to direct injection into the HPLC system. allowed to flow into the collection vial and the sample was rinsed with a portion of fresh solvent 2 .6. Analysis of the extracts by HPLC and UV (30% of the cell volume) under low pressure.
absorbance detection Finally, the remaining solvent was displaced with a purge gas (nitrogen) for a period of 90 s and the A HP1100 modular HPLC system consisting of a collection vial now contained all of the solvent and manual injector (with 20 ml sample loop) and diodeanalytes extracted from the sample. All extracts array detector was employed. The separation column obtained were filtered through a 0.45 mm nylon filter (4.6 mm325 cm) was packed with 10 mm C 8 prior to injection into the HPLC system. material. The HPLC mobile phase consisted of DDI water and acetonitrile mixed according to a linear 2 .4. Ultrasonic-assisted extraction gradient program as shown in Table 1 . The flow-rate and detection wavelength were set at 1.6 ml / min and Indirect sonication method was employed for 202 nm, respectively. extractions, i.e. the ultrasound energy was delivered to the extracting solvent via an ultrasonic cleaning bath (model 8891, Cole-Parmer, Vernon Hills, IL, 3 . Results and discussion USA). A 0.1-g ginseng sample was mixed with 20 ml of the extraction solvent in a 40-ml reagent bottle.
.1. Comparison of different solvent systems for
The bottle was then closed and placed in the sonic the extraction of ginsenosides bath with temperature maintained at 50 8C for all extractions. Afterward, the ginseng extract was filIn Fig. 1 , the total peak area of the five major tered using Whatman filter papers (110 mm diamginsenosides (triterpene saponins: Rg , Re, Rb , Rc 1 1 eter), followed by additional filtration through nylon and Rd), which has been reported to account for filters (0.45 mm) prior to injection into the HPLC more than 90% of the saponin content of the ginseng system.
roots [19] , is plotted as a function of different solvent systems as well as extraction temperatures.
.5. Cloud point extraction /preconcentration
When comparing water and water containing various concentrations of the non-ionic surfactant (Triton To initiate salt-induced cloud point preconcen-X-100), it can be seen that at each of the three tration, |4 g of ammonium sulfate were added to a extraction temperatures, the total amount of gin-10-ml ginseng extract (containing 1% Triton X-100) senosides extracted (in terms of total peak area) was within a centrifuge tube. The sample solution was shaken for 2 min using a vortex mixer and a cloudy the upper aqueous phase was removed. For both salt-ginseng roots exhibited the largest total peak areas (e.g. slightly larger than those obtained with aqueous non-ionic surfactant solution at 5% or 10% Triton X-100). However, at a lower extraction temperature of 50 8C, the total amount of saponins extracted with methanol was found to be significantly lower (e.g. clearly less than those obtained with 5% or 10% Triton X-100 but similar to those using water or water containing 0.001% Triton X-100 at 50 8C).
Importantly, Fig. 1 shows that at surfactant concentrations higher than the CMC (0.5% to 10% Triton X-100), the total peak areas were larger than those using methanol at 50 8C. When compared to water and methanol, the ability of aqueous non-ionic cient during the desorption of pollutants from soil to water, presumably due to better swelling of the soil quite similar between these two solvent systems organic matters and more complete diffusion of the when the concentration of the surfactant was at solvent into the solid matrix [21] . 0.001%, which is below the critical micelle conThe capability of the three different solvent syscentration (CMC) of Triton X-100 (ca. 0.03%) [16] .
tems in the PLE of two individual ginsenosides: Re It can be seen from Fig. 1 that, however, when the and Rb , which possess a relatively large difference 1 surfactant concentrations exceeded the CMC, the in polarity, is illustrated in Fig. 2A and B. When total peak area of these major ginsenosides appeared compared to water and aqueous non-ionic surfactant to increase as a function of surfactant concentration.
solutions, Fig. 2A indicates that methanol was a In particular, Fig. 1 shows that the total amount of poorer solvent for the PLE of the more hydrophilic saponins extracted at higher surfactant concentrations ginsenoside (Re) at an extraction temperature of (5% and 10%) was larger than those obtained with 50 8C, but the peak area for Re increased dramaticalwater alone or Triton X-100 concentration at 0.001% ly when the extraction temperature was increased to (below the CMC) for all three extraction tempera-120 8C. The reason that the use of water alone and tures. However, it is interesting to note that the water containing various concentrations of Triton increase in the total amount of ginsenosides extracted X-100 was more effective in the extraction of Re at due to the addition of Triton X-100 in water at the lower extraction temperature is likely in large concentrations above the CMC (e.g. by comparing part due to the higher solubility of Re in water and the total peak area between water and 5% or 10% aqueous non-ionic surfactant solutions (compared to Triton X-100) appeared to be much more prothat of methanol at 50 8C). It should be noted that, nounced at the lower extraction temperature (e.g. however, when the extraction temperature was in-50 8C compared to 120 8C).
creased from 50 to 120 8C, the relative increase in When compared to water, methanol is considered peak area for Re obtained with water or aqueous a better solvent for the extraction of ginsenosides Triton X-100 solutions as the solvent was considerafrom ginseng roots, largely due to the relatively high bly less than that with methanol ( Fig. 2A) . solubility of ginsenosides in methanol [20] . The data
In the case of the more hydrophobic ginsenoside in Fig. 1 show that, at an extraction temperature of (Rb ), Fig. 2B shows that the effectiveness of 1 90 and 120 8C, the use of methanol for the PLE of extraction at 50 and 120 8C was quite similar be-creased to 120 8C, the use of methanol as the solvent provided the largest peak area for the extraction of Rb . The ability of using high pressure and temperature to enhance or accelerate the extraction of ginsenosides using aqueous non-ionic surfactant solutions containing 1% Triton X-100 as the solvent system was investigated. Fig. 3A shows that at an extraction temperature of 50 8C, the increase in pressure from 500 to 1500 p.s.i. led to an increase in the total peak area of all five major ginsenosides, but remained relatively constant from 1500 to 3000 p.s.i. On the other hand, when the extraction was performed at higher temperatures (90 and 120 8C), the total peak area was increased as a function of temperature, but there appeared to be no significant changes throughout the entire pressure range of 500 to 3000 p.s.i.
In contrast, Fig. 3B shows that when using methanol as the extraction solvent, the extraction process appeared to be more sensitive to changes in pressure. For example, although the total peak area remained relatively constant from 500 to 3000 p.s.i. when the extraction temperature was set at 50 8C, the total peak area appeared to exhibit a maximum at 1500 p.s.i. when extraction was performed at higher various ginsenosides when the extraction temperature exceeded 120 8C [20] . tween water and water containing Triton X-100 at a concentration (0.001%) below its CMC. At higher surfactant concentrations, however, it can be seen 3 .3. Comparison of ultrasonic-assisted extraction that Rb was extracted more effectively at an and pressurized liquid extraction methods for the 1 extraction temperature of 50 or 120 8C. When comextraction of ginsenosides pared to methanol at the lower extraction temperature (50 8C), Fig. 2B shows that the peak area
The use of ultrasound-assisted extraction (UAE) obtained with 5% or 10% Triton X-100 at the same has been shown to be a simpler and more effective extraction temperature was of similar magnitude.
alternative to the classical extraction method of However, when the extraction temperature was inSoxhlet extraction (i.e. the use of refluxing boiling solvent in a Soxhlet extractor) for the extraction of a variety of active ingredients from medicinal plants [22] , including the extraction of saponins from ginseng roots [23] . Table 2 compares the effectiveness of using UAE and PLE for the extraction of the five major ginsenosides as a function of time, pressure and temperature using water as the extraction solvent. The results indicate that when the extraction time was reduced from 2 h to 10 min, the individual as well as total peak area of the five ginseng saponins decreased markedly, especially for the more hydrophobic ginsenosides (Rb , Rc and 1 Rd). Thus, it is clear that longer extraction time is required for more complete UAE of the less watersoluble saponins when using water as the solvent.
On the other hand, the data in Table 2 indicate that when PLE was employed as the extraction method using the same extraction time and temperature (10 min and 50 8C, respectively), there appeared to be an increase in the relative amounts of ginsenosides extracted, especially for the more non-polar saponins. The increase in the amounts of ginsenosides extracted is more obvious when the extraction temperatures were higher. At 90 and 120 8C, it is important to note that the peak areas for the various ginsenosides (using an extraction time of only 10 min) were found to be near or slightly higher than those obtained using UAE at an extraction time of 2 h. Using 1% Triton X-100 as the solvent in UAE, the data in Table 3 show that the total peak area of the saponins also decreased when the extraction time The extraction time for each of these solvents was set at 10 min.
1 Table 2 Comparison of ultrasonic-assisted extraction (UAE) and pressurized liquid extraction (PLE) method for the extraction of five major ginsenosides using water as the solvent The total peak area was calculated from the addition of the individual peak areas from the five major ginsenosides and was an average value of the extraction of three samples. a The total peak area was calculated from the addition of the individual peak areas from the five major ginsenosides and was an average value of the extraction of three samples.
when compared to those of water alone as the 3 .4. Cloud-point preconcentration prior to HPLC extraction solvent (Table 2 ). When using PLE as the analysis of ginsenosides extraction method, the increase in pressure (from 1 atm to 1500 p.s.i.) appeared to provide a slight A relatively large number of publications can be increase in the individual as well as total peak area found in the literature concerning the determination when compared to those of UAE (10 min extraction), of ginsenosides using various HPLC methods and this increase was more pronounced at a higher [14, [24] [25] [26] [27] . In recent years, the unique cloud-point extraction temperature of 90 and 120 8C.
behavior of non-ionic surfactants (i.e. the ability of The above data indicate that the addition of Triton aqueous non-surfactant solutions in separating into X-100 in water significantly improved the extraction two distinct phases, a surfactant-rich phase and a of the more non-polar ginsenosides (Rb , Rc and bulk aqueous phase, when the critical temperature is 1 Rd) at the lower extraction temperature (50 8C), exceeded) has attracted much interest for its capausing either UAE or PLE as the extraction method. bility in preconcentrating a variety of analytes prior Table 4 shows that similar results were obtained to HPLC analysis without the need of using relawhen using a binary mixture of methanol and water tively toxic organic solvents such as methanol [28-(7:3) as the solvent instead of 1% Triton X-100. It 31] . For example, Fang et al. recently reported the should be noted that the use of methanol-water use of ultrasonic-assisted extraction, followed by mixtures, instead of pure methanol, has been shown cloud point extraction for the HPLC determination of to provide enhanced extraction performances for the ginsenosides and American ginseng [31] . To the best isolation and purification of various ginseng saponins of our knowledge, however, the combined use of from ginseng roots [20] .
PLE and cloud point methodology for the extraction Table 4 Comparison of ultrasonic-assisted extraction (UAE) and pressurized liquid extraction (PLE) method for the extraction of five major ginsenosides using a mixture of methanol and water (7: a The total peak area was calculated from the addition of the individual peak areas from the five major ginsenosides and was an average value of the extraction of three samples. and preconcentration of analytes has not been re-1% Triton X-100 (without inducing the cloud-point ported in the literature. phenomenon). Similar chromatograms were also Fig. 4A shows the HPLC chromatogram of a obtained when pure water or a binary mixture of sample obtained from the PLE of ginseng roots using methanol-water (7:3) was used as the solvent instead. To increase detection sensitivity for the various ginsenosides, preconcentration via cloud point phase separation can be achieved by heating the sample solution above the critical temperature, but this approach is mostly limited to the extraction and preconcentration of hydrophobic substances. On the other hand, it has been demonstrated in recent studies [30, 31] that the addition of appropriate salting-out agents into the sample solutions to induce the cloud point phenomenon allowed for the efficient extraction of both hydrophobic and hydrophilic compounds into the surfactant-rich phase. When compared to Fig. 4A , Fig. 4B (larger absorbance scale) shows that a marked increase in detection sensitivity was obtained for all five major ginsenosides (an average enhancement factor of ca. 35 in terms of peak area) by injecting an aliquot of the preconcentrated sample (upper surfactant-rich phase obtained via salt-induced cloud point extraction of the 1% Triton X-100 sample solution). The effectiveness of using salting-out and temperatureinduced method was evaluated by examining the amount of ginsenosides remaining in the bulk aqueous phase as shown in Fig. 4C and D, respectively. When compared to Fig. 4A and C, Fig. 4D clearly shows that a relatively large amount of ginseng saponins, especially the more hydrophilic ginsenosides, still remained in the aqueous phase when temperature was used as a means to induce cloud point phase separation.
It should be noted that, as shown in Table 1 , a solvent gradient with a time period of ca. 30 min was used to separate the various major ginsenosides; another 30 min was used to wash the surfactant and perhaps other UV-absorbing substances from the column, followed by another 30 min for re-equilibration. It was found that at least 20 to 30 min of washing with a solvent consisting of acetonitrilewater (95:5) was required to obtain a relatively Tables 2-4 . As such, it is conceivable that both the washing and re-equilibration time could be reduced, when using UAE and different aqueous-based exespecially if a newer column, a non-UV absorbing traction solvents (e.g. water with 10% methanol) for non-ionic surfactant as the extractant, and / or a more the extraction of the various major ginsenosides, selective detector is available for usage [28] . In fact, extraction efficiencies obtained with 2 h of UAE was the coupling of cloud-point extraction with HPLC is comparable to those achieved by 8 h of Soxhlet a relatively well-established method and a ''lengthy'' extraction. However, the extraction yields were elution time for washing / re-conditioning the column found to decrease dramatically (e.g. reduced by 20 to has not been cited in the literature as a requirement 40%) when the sonication period was set between 15 or necessity [28] [29] [30] .
and 45 min. In the present study, the data shown in Tables 2 and 3 indicate that the presence of Triton X-100 in water did enhance the UAE or PLE of 4 . Conclusions various ginsenosides, especially for the more hydrophobic species, and the effectiveness of extraction When compared to the use of water alone or obtained with 2 h of UAE was comparable to those methanol as the solvent, the addition of a common achieved by only 10 min of PLE at higher extraction non-ionic surfactant (Triton X-100) in water at temperatures. concentrations above the CMC was found to enhance Although PLE has been recently developed for the the PLE of ginsenosides from the roots of American extraction of ginsenosides in medicinal plants and ginseng, albeit the extent of this increase appeared to health supplements prior to HPLC analysis, the be relatively small at higher extraction temperatures.
extraction solvent employed was methanol [14] . The At lower extraction temperatures (e.g. 50 8C as use of aqueous surfactant solutions instead of organic shown in Figs. 1 and 2A) , however, the enhancement solvents such as methanol for sample preparation was found to be considerably higher. Such an should be safer, less expensive and more environenhancement is likely related to the ability of the mentally friendly [15] [16] [17] [18] . Perhaps more importantsurfactant micelles (compared to water alone or ly, from an analytical standpoint, the use of the methanol) in increasing the solubility of the gincloud-point property of non-ionic surfactants is senosides and the rate of mass transfer at lower capable of effecting rapid preconcentration of variextraction temperatures. Therefore, an important ous ginsenosides into a relatively small volume advantage of using aqueous non-ionic surfactant surfactant-rich phase, which is one of the major solutions as a solvent system in PLE, as opposed to advantages of coupling cloud-point extraction to the use of plain aqueous or organic solvents as various chromatographic techniques when compared reported for PLE methods reported in the literature to other sample preconcentration methods [28] [29] [30] [31] . for the extraction and analysis of chemical subSince the use of traditional medicines / herbal prodstances in medicinal plants [6] [7] [8] [9] [10] [11] [12] [13] [14] , is that extraction ucts is becoming more popular worldwide [6] [7] [8] [9] [10] [11] [12] [13] [14] could be carried out at lower temperatures without a and the lack of simple, rapid and reliable analytical significant compromise in extraction efficiency, and methods for the analysis of herbal products appears thus avoiding the degradation of thermally unstable to be a major cause of quality-related problems [32] , ingredients in plant materials.
the coupling of PLE and cloud point extraction could When using aqueous solutions as extraction solbe employed as a new and effective approach for the vents in UAE or PLE, the addition of Triton X-100 extraction and preconcentration of various pharmaco-(above CMC) in water should allow for a considerlogically active compounds from medicinal plants able saving in extraction time while maintaining prior to chromatographic analysis. relatively high extraction efficiency for the extraction of both hydrophobic and hydrophilic ginsenosides. For example, UAE was recently evaluated as a A cknowledgements simpler and more effective alternative to conventional extraction methods for the isolation of ginFinancial support from the Research Grant Counsenosides from various types of ginseng, including cil of the UGC (HKBU 2056 / 98P) is gratefully American ginseng [23] . The results indicated that acknowledged.
